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ABSTRACT

This report presents the results from an experimental study of
vibrations and stress waves emited from ball bearings. Tests were run
with both high quality bearings and man faulted bearings, all of one
size, the 207. Radial loads varied f;om 430 pounds to over 2000 pounds
so to accelerate fatigue. Speed was elther 5400 rpm or 12,900 rpm.
Tests were Instrumented with different sensors so to detect the noises
from 10 Hz to 1 MHz. Frequency spectrum plots are presented. The
modulation characteristics of the ultrasonic noises were analysqéj and
acoustic emission type measurements were conducted.

Results are presented which show that thereézgtéable acoustic
signal levels even Leyond 500 kHz. These signal levels are modulated
by.a low frequency carrier which is a function of the stress loading
and acoustic transmissibility. As expected the results are significantly
weighted by the bandwidth characteristics of the senscr employed.

The results were correlated to fault size in the bearings, although
the number of tests was few and therefore the results, statistically
limited. The correlation does show that the sensor used for signals
from 100 kHz to 1 MHz gave the best sensitivity and detected the

generation of very small spalls or pits.
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I. INTRODUCTION

A controlled bearing test program was'conducted by Endevco under
NASA Contract NAS8-29916. The overall objective of the test program
was to study vibration and/or stress wave sensing techniques_and data
processing techniqﬁes to detect incipient failures of rolling contact
be#rings. Appendix 1 is‘a copy of the contractural statement of work.
beep groove radial 207 size ABEC-7 quality bearings were run at two
different spéeds and with various loads. The measurements were made
over the frequency range of from 10 Hz to beyond 1 megahertz. Some
of the bearings were in new condition, some had simulated faults of
different types and sizes, and some were run to fatigue in aécelerated
life test#. The simulated faults were placed in the inner race or
outer race with sizes ranging from 0.00013”deep X 0.000Ihﬂwide to
0.0127"deep x 0.0448%wide. In one case a ball fault was simulated wifﬁ
circumferential grooves.

Different sensors for detection of the mechanical signals were
used for frequency ranges of 10 Hz to 50 kHz, 10 Hi to 200 kHz, and
100 kHz to the megahertz region. The electrical signals generated by
these sensors were processcd by various methods including frequency
spectrum analysls, envelope detection and the counting of signals above
a threshold level and over varicus time intervals. Magnetic tape
recordings and chart recordings were made to facilitate this study.

To accomplish the above tasks the project was divided into different
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phases, first analysis and experimentation, second equipment setup
and preparation of bearings, third a series of tests to examine
faulted beirings, and fourth a series of tests to examine fatigue and
fault propagation in bearings. This report sumnarizes each of these'
activities and presents the conclusions which have-been-made from

them.
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II. BEARING FAULTS, THEIR ASSOCIATED DYNAMIC.
PHENOMENA, -AND THEIR DETECTION

The purpose of this section is to briefly present the technology
involved. It will discuss how the physical deterioration of a rolling
contact bearing results in vibration and dynamic stress. It will
describe the characteristics of these dynamic phenomenon, and review
the techniques available.to sense and detect incipient failure of the
bearing. ‘This text is not meant to be a complete treatise on these
subjects, but only a review to provide background and explanation for

the test program reported herein.

A. Bearing Failure Modes

Many things can cause a bearing to fail, hownver improper lubri-
cation and defects in or on the bearing parts are reported to be the
primary causes of failure (1) (2). By design, the contact area between
a rolling element and a bearing race is small, thus during operation
the stress local to that area is high. In fact, the contact area is
not actually in contact but is separated by a layer of lubricant which
Ié needed to prevent the contact points from being virtually pressure
welded and subsequzntly pulled apart. Not only lack of lubricant or
changes in its quality will initiate bearing degradation, but also
lubricant containing solid particles will also defeat the process since
a small radius of curvature of a solid particle increases the contact

pressure tremendously. Similar increase of contact pressurc, or stress,
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can be caused by any dimensional upset of the bearing contact surface

as a result of improper assembly, corrosion or other environmentally
induced changed. A basic matefial imperfection beneath the surface

of contact but still within the high stress field can also cause greétly
magnified stress points. These all cause high cstress which encourage

surface and subsurface microcracks to grow and will accelerate the

fetigue process, leading to failure.

A good bearing, that is one not subjected to improper lubrication,
one without internal material faults, or one without flawed bearing
surfaces, can also be failed by fatigue simply due to excessive repeti-
tive loading. This action has heen reported (3) to cause dislocation
motion in the material resulting in microcracks. Some short duration
stress waves are initiated in this process. This type of stress wave
has an energy content which is evenly distributed over the frequency
spectrum up to a few tens of megahertz and is generally termed acoustic

emission. Acoustic emission phenomena have been investigated widely

" and is well described in the literature (4).

B. Vibratiocns and Stress Waves as the Chservable Change

When a bearing, in good condition, is assembled properly, it will
run smoothly and will exhibit minimal vibration and resultant noise.
Experiments have shown that the presence of excessive vibration and
noise can likely be traced to a surface fault which causes an impact
to occur every time a defect is passed. The impact duration is generally
quite short (on the order of 10p sec for a 207 size bearing with a
surface fault of about 10 mil width). The frequency content of this

impact extends well beyond the 100 kHz range, and in some cases it
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could even extend into the MHz range. This impact initiates a stres:
wave in the bearing system. Since the bearing system made of steel is
a high Q structure, multiple reflection of the stress wave causes the
bearing to resonate. Vibfation and noise are the end products of this
process. Occasionally excessive vibration and noise can also be attri-
buted to the roughness of the contact surface. When two surfaces with
irregularities are rolled together, the motion of the rolling element is
less well-defined. In addition tc irregular impacts, there-can also
be sliding friction (skidding), jerking, and side-way motions combined
with the mafn rolling motion. This is equivalent to creating random
noise so&rces having a wide frequency bandwidth. The bearing and
sensor system, again acting as a high Q filter, rings in response to
this excitation.

The stress wave sources due tn ﬁarface and subsurface fatigue
crack growth is termed acoustic emission, and has even a higher frequency
content. This occurs whenever the material undergoes a permanent
non-glastic change. ‘

As mentioned above, during operation a defective bearing gives
out short duration stress waves which, in turn, causes the bearing
system to resonate. Thus stress waves, and elastic vibrations are
always present in an operating defective bearing. If a sensing device
Is used to measure the presence of the above mechanisms, theoretically,
one can determine the existance of a defect in a bearing. Indeed, an
expérienced mechanic often can tell which part of an automobile is
defective by simply listening to it with his unaided ear. With the
help of modern sensors, not necessarily limited to the audio frequency

range, a bearing menitor should be able to discriminate between defective
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ard acceptable bearings, and in addition, identify the nature of the

L
) defect.

C. Important Frequencies of Interest

TEREE Vo et T

To effectively detect the defects in a bearing, one must know
some of the basic characteristics éf a bearing. It is well established
in the 1iterature (5) that some very useful characteristic frequencies
might be employed for bearing defect detection. Those frequencies are
the ball pass frequencies for a discrete outé;.race defect, inner race

defect, and ball defect. These frequencies are associated with the

ST AT I O PaT SRR S e T

number of impacts per unit of time or the number of times a rolling

s

element rolls over a defect either on the races or on the rolling

"

element itself. They are a function of the bearing geometry and the

angular speed of the outer race relative to the inner race (bearing

R S

rotation speed) (6). The relations are the following for ball type
bearings including the 207 size (figure 1) used i1 this test program:
(A) for fault on outer race /
= 4 .. BD
fo =2nf (-5 (M

(B) for fault on inner race

S

T (R (2

-+
l
1
h

! (C) for fault on ball

2
e B [-@]. o

fo = ball pass frequency for fault on outer race

‘.
H
N a o aeyey e

*
n

ball pass frequency for fault on inner race

-
i

b = ba!l pass frequency fo: fault on ball

n = number of balls in the bearing
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angular frequency of bearing rotation
ball diameter

pitch diameter as defined in figure 1

Figure 2 portrays typical signals in the time domain that would result

from a single fault located on a raceway. Notice that in figure 2a the

decaying sinusoids repeat according to the ball pass frequency for the

and the Individual ring downs are quite alike in both amplitude and time -—

duration. Figure 2b shows the signal caused by an ‘inner race fault.

One can see that though the sinusoids occur according to the ball pass

frequency for an inner race fault, the individual bursts are not the

same in amplitude or time duration. This is due to the fact that when

the fault is met by a ball near the maximum load position, the force

generated is maximum. For a fault on the ball, a similar result is

obtained. For a radialiy loading bearing, this maximum load on fault

phenomenon occurs once per revolution.

‘outer race fault. The decaying sinusoids relate to a natural resonance,

Table I gives the calculated ball pass frequencies for a Faffir 207

bearing for two different rotation speeds. It is clear that these fre-

quencies are generally low. In addition to these frequencies, special

attention should be paid to the bearing rotation frequency. The once

per revolution frequency can easily be excited by the unbalance, misalign-

ment, or other effzcts generally asscciated with a non-ideal set-up.

It

is also present in the case with a fault on the inner race or a ball as

explained above.
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TABLE 1
BALL PASS FREQUENCY OF 207 FAFNIR ANTI-FRICTION BEARING

Faulted Component Bearing Rotation Speed

12900 RPM (215 Hz) 5400 RPM (89 Hz)

Outer Race 668 281
Inner Race 1052 Luo
Ball 915 384

Other frequencies of Importance are the various resonant frequencies

of the bearing parts, such as the radial modes, flexural modes, etc. The

following formulas are for those various resonant frequencies (7):

(1) Resonant frequency of a ball

(a) ‘ellipsoidal mode

e o Q2 [E
BS BD 2p

2

(b) radial mode: f, satisfies the following frequency

equation Rr
tan ol = = ’-ﬂ;u
by -x“(A+ 2u)
where

o¢ = (BD) ir fxr/c
(2) Resonant frequency of races

(a) 1In-plane flexural modes

N2+ 2wa? "

(b) Transversc flexual modes
2

Rt - [E
Vs 1y 2%a m

(c) Radial mode

f = ] J_..E.—
Rr 2 a P

where E = Young's modulus
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S) = density
bY;

= Polisson's ratio

RPN Do %S

¢ = wave speed = %
N & p = Lame”'s constants £
N = number associated with mode order ?
a = radius of neutral axis
;- oo i
% b = lateral dimension of the bearing g
; : . ;
% h = -2' (OODQ"' I.D.) ;
z- _ g
3 m=gA !
1 A = bh '
¥

The different mode shapes are shown in figure 3.

The calculated resonant frequencies for the various modes are given

yrosrrtr taS i

in Table II. As can be seen from the area moment of inertia (1) and the
area (A) for the 207 size bearing and races of rectangular cross-sections
are assumed. This may introduce some discrepancy between the calculated
values and the experimental one#. .

D. Resonance Frequency Testing for the Bearing Componentis

'E A test was conducted to ring the bearing components artifically by
impaéting the races with metallic objects of different sizes. Frequency
analysis was performed on the signal played back from an enpevco® 2743

Transient Recorder. Figure 4 shows the block diagram for this test.

SR » Ty e e e Wl Ao v T
a1 e " o .

nny

Figure 5a shows a 2 msec signal generated by impinging the inner race )

i

of a Fafnir 207 bearing with a 1/16" diameter steel bead. Figure 5b is

the corresponding frequency analysis. It can be seen from the frequency

spectrum that several sharp peaks exist in the range from 3 kHz to 100

(‘3 kHz. The 15 kHz and 40 kHz are the highest ones which correspond falrly
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Figure 3 ~ Different mode shapes for bearing components
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well with the calculated values for the cases N = 2 and N = 3 given in
Table IT previously. The time history trace presented in figure 5a
gives a good picture on how the bearing rings. Bear in mird that the
impact duration is less than about 10u sec. From the length of ringing

one can see that the race is really a high Q elastic body. The shape of

the traces also shows that it is in a compound mode of vibration. This

is also verified by the corresponding frequency spectrum given in figure
5b. Figure 6 shows the in-plane modes of the bearing outer race. The
different resonant frequencies can clearly be detected. Those experi-
mental values compared fgvorably to those of the calculated ones given

in Table II. Discrepancies are unavoidable due to the model used for
computation. Finally, a test was also conducted on the loading yoke for
the test rig. Figure 7 shows that the yoke has resonant frequencies near
30 kHz.

From the above results, one can see that the different modes in a
mechanical system can be excited by a short duration impact. The ampii-
tudes of each mode also depend on the frequency content and mode of
excitation of the source. This test shows that there are many modes
excited in the frequency bandwidth from a few kHz to 50 kHz. This is
In agreement with the theoretical calculation. However, the calculated
values may not coincide =2xactly with the experimental ones. This is not f
surprising since the model used for the theoretical calculation is much

simplified from the actual geometry.
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E. The Structure as an Acoustic Body

The previous sections discuss the various resonant frequencies

of the bearing cumponents and showed. that they could be excited by

&n impact or any other equivalent source having energy content in
the .frequency bandwidth. The resulting amp]itude depends on the

source characteristics and the-transfer. function between the source and

~the receiver for the particular mode involved. Because of the ease by

which these modes are excited, a bearing fault detection concept based
on the resonance phenomena has been reported in the literature. Data

to bé presehted in Section V seems to confirm that the lower frequency
outer race modes of the test bearing are excited. However, there is

a strong indication that the inner race resonance modes are not excited.
This is not an unreasonable finding. A close examination of the bearing
system reveals that the outer race of the bearing is loosely coupled to
the systém, i.e., it is only supported by the balls at relatively small
contact surfaces. It is rather 'free'' to vibrate. On the other hand,
the inner race is assembled on the shaft quite rigidly by a-shrink fit.
In the process, the inner race and the shaft become an integral elastic
body from an acoustical standpoint. The inner race radial and flexural
modes are lost in the process., This implies that one should view the
whole bearing system and its supporting structure (such as the yoke)

as a whole entity In trying to pin-point and use the various modes.

When considering the optimal detection of faults in a bearing system,
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one-cannot achieve this without considering signal transmission in
the bearing system and the optimal detection frequency bandwidth.
First of all, the bearing system is made of several components with
interfaces and probably some gaps émong them. An acoustic signal
generated often-has-to travel across the various interfacres before .
it can be detected. However, an Interface is usually quite lossy,

maybe., sometimes on the order of 20 db. Generally speaking, this

loss is a function of contact pressure in the interface and of frequency.

As frequency increases, the loss is generally higher. Fortunately,
in a bearing system, lub;ication oil often fills the interface gaps
and serves as an effective acoustic couplant and improves the trans-
missibility markedly.

These aspects point out that a frequency higher than the lower
resonant frequency of the Eearing system may be desireable for use.
As mentioned before, due to the interface loss and the internal damp-
ing of the material, the high frequency component of a stress wave
does not travel as far as the low frequency component. Furthermore,
the generation of noises in a mechanical system generally has more
low. frequency energy content. Therefore, the noises or other unwanted
signals have a frequency spectrum typically heavily weighting the low
frequency end. On the other hani‘the signal associated with a bearing
defect often has quite a wide frequency content no matter whether it
it due to the Impact of a small discrete fault, friction noise by
skidding, or due to acoustic emission. From the above, one can postu-
late that using a frequency as high as practical may improve the defect

detection efficiency. 1In this test program, a frequency bandwidth as

high as 1 MHZ was used.

21
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F. Sensing and Signal Processing

For comparison, different sensors were applied in this experiment.
Different signal processing techniques were also used and evaluated for
their relative merits. The various sensors and signai processing tech-
niques will be described fully in the next section. One particular fech-
nique worth mentioning here is the frequency analysis of the periodic
signal as encountered in the test when there'isa discrete fault on the
outer race.

To simplify the discussion, iet's assume that the signal detected
is a séuare bursé of duration 7; of a pure sinusoidal signal of fre-
quency f_ (Fig. 8a). The repetition rate is assumed to be F, which is

the inverse of signal interval To. Figure 8b gives the frequency spec-

" trum of a single burst of signal, assuming that f°>>~F°. The spectrum

is centered at the 'ringing'' frequency fo with sider lobes extending to
both the low and the high frequency sides. Figure 8c gives the spectrum
for the whole signal train., Note that the envelope of the spectrum
amplitude is of tﬁe same shape as given in Fig. 8b. The repetition fre-
quency Fo does show up in the figure. However, its height is not very
large compared to the peak amplitude near Fo. But, as mentioned pre-
viously, it is important to be able to detect the repetition rate F0
since it is associated with the discrete defecr.- The detection of Fo
can possibly tell the operator what kind of defect and which part of the
bearing is defective. The following analysis will show that envelope.
detection can do the trick. Fig. 9a gives the spectrum for the enve-
lope of a single burst. Note that the spectrum has its maximum at d.r,
in this case. Fig. 9c is the spectrum for the whole envelope detected
signal train. It Is clear that besides at f = o, the maximum peak now

occurs at the repetition frequence Fo' The finite widths of the peaks
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shown in the *hove example is due to the finite bandwidth assumed for
the spectrum analysis. From the above one can see that it is necessary
to envelope detect high frequency signal in order to extract the low
ball pass frequencies simply by éomparing Fig. 8¢ to Fig. Sc.

Another signal processing technique to consider for a bearing
monitor is the application of the standard acoustic emission measurement
techniques. Conventionally, when acoustic emission signal is detected,
count..or..count rate information is obtained by counting the number of
times the signal voltage exceeds a preset threshold level. This in-

formation.is then used to characterize the particular acoustic emission

" phenomena. More recently, a technique to obtain the relative energy of

an acoustic emission was developed by Endevco. This technique was
implemented by integrating the square of the acoustic emission signal.
It was hoped that the en;rgyi method would give more information about
acoustic emission than the conventional count method. Subsequent
applications of the energy method to acoustic emission testing have
been reported by Harris ard Bell (9) and showed that while the energy
method might be valuable in some cases, it did not seem to give more
information in the cracking and fatigue craék growth tests they per-
formed. Specifically, they found that a linear relation between the
energy and the count exists. They also showed that mathematical ex-

pression could be derived to relate the energy to the count from con-

sidering a ring-down type signal.
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IIT EQUIPMENT

A. Bearing Test Rig

The bearing test rig was designed and assembled by Industrial
Testonics Incorporated, Compton, California; they were also responsible
for insta]ling{all bearings and mafntaining the rig during the test
program. This equipment was designed so to apply variable radial load,
essentially no axial load, and to have a speed capability of up to
13,000 rpm. It was designed specifically to accept the 207 size bearing.

The machine is composed of a spindie, a load mechanism, a lubrication
system and an electric drive. The spindle consists of a shaft supported
by two side bearings with a radial load applied to a third center bearing
through a massive cam shaped housing. As such the center bearing cérfies
twice the load of the side bearings. The shaft protrudes from the test
cavity through-a labyrinth seal at one end. The housing is in three parts.
The center portion, which contains one test bearing, is connected to a
pivoting load yoke. The out-board sections are secured to the test stand
containing one support bearing each. Figure 10 shows a cross-sectional
view of this machine.

The load mechanism consists of a lever and dead weight system with
a ratio of 100:1 as shown on the system outlin~ draving Figure 11. The
radial load applied to the yoke is transferred through the load bearing
to the shaft.

The yoke was sealed between the outer two bearing housings by rubber
"0'' rings. The only other mechanical coninection between the center bearing

housing and the side bearing housing was through the load lever mechanism

26
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which was attached to the test stand. Thercforg, mechanical vibrations
from one bearing to another would be attcnuated ai higher frequencies by
the transmission characteristics of the load level mechanism. The other
path of transmission between bearings is'through the common shaft where
the mechanical input is generated in one bearing, transmitted to the
shaft, then to another bearing and out to the other housing to be detected.
Thé two out-board bearings support the shaft and transfer the radiai load
to the structure. This radial load system capacity is from 350 lks. tc
2,580 1bs.

The inner race of these bearings were assembled to the shaft by a
light shrink fit in accordance with the Fafnir Catalog Installation

Procedure. Spacers over the shaft, bolted in compression between the

inner races of the bearing, maintained the position of the bearings on
shaft. The outer race Hé;wa slip fit clearance in accordance with the
recommended installation procedure. Fixed spacers were positioned in the
housing to maintain the bearings in position,

This machine is equipped with a 3,600 rpm, 5 hp electric motor which
drives the spindle by means of a conventional timing belt and pulleys.

Pulleys and belts are provided for spindle speeds of approximately 5,400

rpm and 12,900 rpm. There were 20 teeth on the spindle drive pulley for
12900 rpm speed and 32 teeth for 5400 rpm spee-.

Bearing lubrication was accomplished by pumping MIL-L~-23699 oil througﬁy
aﬁpropriate feed lines and a 10 micron filter and oil jets to the tes«
spindle and returning to a reservoir,

Three temperature sensors were provided for monitoring the oil inlet

temperature, the test bearing outer ring temperature, and the exit oil
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temperature. These temperatures werc sequentially dispinyed on a West
temperature indicating device‘that gave an audible alafm should any
temperature go above a pre-set value.

A proximity sensor was installed near the shaft to monitor the
speed of rotation with a counter. The entire bearing test rig with

sensors mounted is shown in the photograph, Figure 12

B. Bearings
The bearings were Fafnir MM 207 KCR which are deep groove (not

angular contact) ABEC-7 bearings. The separators are phenolic of two
pieces, riveted together., The bearings can be disassembled and re-
assembled without damage, if done professiona’iy. The dimensions“and

specifications for the bearings are as tollows:

SIZE 207

BORE 1.3780 ’::ggggg inches (35mm)

0.D. 2.8346 t:ggggg inches (72mm)
. +.,000

WIDTH 0.6693 - 005 (17mm)

FILET RADIUS 0.039 inch

BALL DIAMETER 15/32 inch

NO. OF BALLS 8
C. Sensors

One of the objectives of this program was to examine alterrative

sensing methods for monitoring bearing performance, that is sensing
techniques which may permit the earifest detection of incipient failure.
Important to this is the selection of a sensing method which best provides
a signal which is a manifestation of an event containing information of

Interest. Information not of interest is considerad as noise. Since the
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Figure 12 - Bearing Test Machine \
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vibrations internal to the bearing and its supporting structure

are caused by several phenomena and all have varying_ahd comp lex
spectral frequency contents, one of the basic needs is to obtain

valid measurements over a wide frequency range. To accomplish measure-
ments from 10 Hz to 1,000,000 Hz does require the use of more than one
type of sensor. In addition, because of the wide difference in required
sensitivities, several sensors were nccessary. The selection of these
various sensors is discussed below.

In order to obtain maximum sensitivity in the high frequency range
of resonances for the bearing outer race, the ENDEVCO Model 2236 Sensor
was used. The resonance frequency of these sensors is near 27 kHz and
as shown in Figure 13, the amplification factor to forced vibration at
this frequency is on the order of 40 dB greater than the iow frequency
sensitivity. Since the hearing outer race and its holding structure both
have resonances in the frequency region, the overall sensitivity to small
amplitude impulses should be good. ENDEVCO Model 2730 Charge Amplifiers

were used with these sensors to provide a wide dynamic range of acceler-

ation from a fraction of a g to 500 g over the frequercy range from 10 Hz

to about 50 kHz.
A Model 2236 Accelerometer was also used with ENDEVCO Model 6634

Signal Conditioner as a vibration control for automatic shut down during

fatigue testing. This conditioner provides a relay switch with an adjustable

level control which may be set at a desired vibration level above the normal

bearing vibration for automatic shut down of the tesi. Bandwidth of this

shut down system is from 10 Hz to greater than 10 kHz.
To determine some correlation of how much output actually does come

from the bearing and structure, as opposcd to sensor resonance response,
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ENDEVCO Model 6230M8 Sensors were also used, These sensors have
relétively constant acceleratfon sensitivity up to 50 kHz as shown by
Figure 14 and with a.major resonance frequency near 150 kHz. When used
with ENDEVCO Model 2740 Charge Amplifier, data may be obtained up to
about 200 kHz.

In addition to these vibration sensors, an acoustic emission/stress .
wave sensor, ENDEVCO Model D9202, was used to extend the frequency
measurement-capability to the megaherfz region. This sensor is only
responsive above 100 kHz to allow better recognition of data above 100 kHz.
Thereby, outputs from lower frequency vibrations of structures are eliminated
from the measurement and only stress wave data is obtained. There are:
several resonance frequencies in this design such that the output to
impulsive acoustic inputs is a shaped response with & peak near 500,000 Hz.

Figures 15 and 16 show the calibration data for the D9202 Sensor used
for these tests. This .data was obtained by the Spark Calibration Test
Method. (10). Figure 17 gives the response curve using a random noise
input-whi.ch is provided by shaking many small tungsten beads im-an-enclosed
fixture on which the transducer is mounted. in operation, the transducer
will ring when a disturbance with energy in the frequency bandwidth arrives
at the transducer. The ringing of the transducer will eventually die off
due to the damping of the transducer and the stress wave losses to other

structures which are in contact with the transducer. At a high frequency,

the damping generally increases very rapidly with frequency (8). Conscquently

shorter lapse time for the ringing at high frequency is observed. This

makes the output of the Mode! D9202 with Modc] 801P Precamplifier look like

o NS Nokad
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a series of spikes in an otherwise flaf line at time iﬁtervals
corresponding to the ball pass frequencies when a faulted bearing
was used.

The sensors were mounted on a surface of the housing which had
been.machined flat. The 2236 and the 6230M8 were bolt mounted. The
13202 was bonded with Eastman 910 type quick set eement. For the
fatigue tests the Model D9202 was attached~withw5perry ultrasonic..
couplant between the base of the sensor and the housing flat section
and then held in place with teflon tape. The quick set cement had
been used for the short term series of tests. However, after prolonged
exposure-to the temperature of the housing during the fatigue test, a
bond was not maintained between the alumina seating surface of the sensor
and the steel bearing housing when using the quick set cement.

D. Instrumentation

Two different instrumentation setups were used to condition the
signals from the sensors, to provide recordings, and to process and
analyse the data. One system was used for all data below 200 kHz. This
was for use with the 2236 and 6230M8 sensors and is shown in a block
diagram in Figure 18. The other system was for use above 100 kHz and is
shown in a block diagram in Figure 19. DNala was taken with this using
the D9202 sensor., Figure 20 is a photograph of the instrumentation
assembled for the—bearing tests.

The signal conditioners used for the low frequency system were
standard 2730 and 2740 single ended charge amplifiers.

No internal filters were used in these amplifiers so that the

conditioned responsc represented that of the sensor for the 2236 up to

39
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50 kHz and for the 6230M8 up to 200 kHz. All low frequency data below
200 Hz was taken with the 2236 sensor using an FM recordingvchanncl on
the Honeywell 5600 Magnetic Tape Recorder. The remaining data was
recorded in direct mode at 60 ips tape speed usTng high quality instrument
tape to allow measurement-up to.200 kHz . Ampliffer gains were set for a
standard 1V—rms- full scale.

During the continuous monitoring test phase additional processing
equipmént was added for the 2236 and 6230M8 so to provide a continuous
recording of certain qualities of the signal. This consisted of adding
certain filters to study the relative value of different frequency ranges
and the addition of envelope detectors so to examine the modulation
characteristics of the high frequency vibrations. A peak and an RMS
detector circuit was added to permit plotting of data onto strip chart
recorders during the cdntinuous monitoring.

The high frequency data from the D9202 was examined using a Dunegan-
#ndevco Acoustic Emission Instrumentation Setup. This setup is described

by Figure 19 and is shown in the photograph in Figure 21. The D/E Model

T 4R L o S AP i N,

OIS WS,

e m At maM s e

[N P UL~ S

ISRV

801P Prec Amplifier is a Yoltagc sensing device with 40 B gain and frequency
%‘””’“* response band passed for -3 dB af 100 kHz and 2 mHz, The totalizer provides
an additional adjustable gain of up to 60 dB for proper setting of recording
levels, and circuitry for totalizing the number of times a signal exceeds a
preset level. A threshold of 1| volt is preset in the Model 301 so that a
icount'' can be made every time whun a signal crosses that threshold. This
count information can be plotted directly from the output of an internal
D/A converter. The ''count rate' is provided by using the 402 Reset Clouck

on the count information in the totalizer. This count rate and the count
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Figure 21 - Signal conditioning electronics with typical
recorders used for the bearing tests.
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can be plotted in log scale by using the 601 iog converter. The
adjustable 10 Volt ramp voltage for the X-axis of the plotter is
supplied by the 502 Ramp Generator to provide a ramp »f duration from

| minute to 48 hours. The 702 Audio Monitor enables an operator to hear
high frequency signals.

To record the pre-analysed signal from the D9202 at high frequency, a.

video tape recorder, Sony-Matic with Realistic Card, Modei AV3650 was used.

This recorded signal levels for analysis up to | mHz.
A Honeywell Real Time Spectrum Analyzer, Model SA1-52B was used for
frequency analysis of all signals. The analysis and tape recorders are

shovin in the photograph in Figure 22. Data was obtained for 'on line"

. measurements while the tests were running of the various vibration

outputs, Analysis of ranges up to 1 kHz, 2 kHz, 10 kHz, 50 kHz, and |
megahertz were conducted as appropriate for the data chanﬁel. The tape
recorded information was also analyzed for further comparisons as well as
after additional processing as discussed later. The analyzer included an

averaging feature which provides signal to noise improvement for the data

display. The frequency spuctrum analyses were plotted on an X-Y recorder’

for a permanent record when desired.
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Iv TEST BEARING PREPARATION

A total of twenty-four bearings were used in the program.
Thirteen bearings were disassembled by. Bearing Inspeccion Corporation,
Santa Fe Springs, California. Nine of the thirteen bearings were
selected to have faults_eloxed across the race in the balL*trav;I area.
Different size slots were made on the inner race of some and-on the
outer race of.others. In order fo.provide a smaller fault tham practical e
with the elox, two bearings were marked with a sharp alumina scribe, one
on an outer raL; and the other on an inner race. One ball of another
bearing was scribed along two equators, 90° apart from each other. The
remaining bearing was reassembled without any applied fault.

A profilometer recording was made on each race of the unfaulted
bearing, one each race that had a fault applied, and on the ball with
the fault. Typical examples from these measurements are displayed in
Appendix 3.

The results are summarized in Table III showing the overall
dimensions of the faults.

Other bearings were tested as purchased with no faults employed.

Several of those were used for the fatigue study and others used as side

bearings in the rig., ...
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FAULTED

S/N MEMBER

NSOy U W

Ballx

OQuter che
Quter Race
Inner Race
Outer Race
Outer Race
Outer Race

Quter Race
at 180°

Quter Race
Inner Race
No Fault
Inner Race
Quter Race

Inner Race#

BEARING FAULTS

LEADING
EDGE .
ELEVATIGN

B - INCH

TABLE III

WIDTH
INCH

DEPTH
INCH

100 nominal . 0.G07 nominal .0.000!

0.
160
80
30

480

340
180

80

5
0

0.0448
0.0115
0.0078
0.0096
0.0133
0.0087

0.0086
0.0069
0.0080
0.012

0.0014

0.0018

“*Scribed with alumina

48

ety e g

0.0127
0.0052
0.0048
0.0054
0.0102
0.0065

0.0054
0.0028
0.0054
0.010
9.00013
0.00024

TRAILING.-
EDGE
ELEVATION

/4' - INCH

50 nominal
0
200
140
120

360

160
180
Lo
60
2
2
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V. FAULT CHARACTERIZATION TESTS

A. Procedures

[ UUUPUVEYTC T RC S-SR PP DR PN =SSR G0

For this first series ¢f fault characterization tests, fhe data was
obtained with a minimum operating time on each bearing tested to establish
the level of detection for the induced fault before it progressed into a
larger failure, possibly then causing other failure modes. These short

duration tests were conducted at two different loads at each of the two

speeds. These tests correspond to an L10 life expectance of from about
800 hours to 11,500 hours for the center bearing. The life for the bearing
under various loads at the two speeds selected for the-tests is shown in

figure 23 and was computed from the standard equation (13):

. L _ 50,000 c 3 l
10— N P- /. . :

is the life in hours for which ten percent of the bearings will 1

L0
fatl., "¢ is—the basic load value for—the bearing, 'P'" is the applied

radial load used for the tests and '"'N'' is the speed in rpm. Modificrs may
be assigned to this equation based on quality of lubrication, different 1
percentage of bearing failures, and for other factors of lnad, bearing |

design, etc. For the tests in this program, the lubrication system was -

to achieve the expected life in this equation for the two operation speeds.

ho
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The faulted bearings were always placed in the center position.
The side support bearings were nonfaulted and were not changed for the
entire first.series of tests. The LIO life expectancy of these side
bearings, since each supported only half the load, was 6400 hours to

92,000 hours for the range of speeds and loads in the tests. The total

rurning time for all of the fault characterization tests combined was. ... ..

less than-hO operating hours.
Recordings were made for each combination of load and speed from
the various sensors. Frequency spectrum analysis was also performed on

the real time operating data as the tests were conducted. The program

schedule was as follows:

TABLE IV
FAULT CHARACTERIZATION TESTS

RUN NO.  SPERATINS SEam NG NO. FAULT LOCATION

1 7.7 * ) 14 None

2 L.3 6 | Outer Race

3 3.3 8 Outer Race

L 4.3 10 None

5 2.7 kL Inner Race
687 L.o 7 Two on Outer Race

8 | 9 2 OQuter Race

9 2.3 12 Outer Race

10 1.8 1 Ball

11 2.0 13 Inner Race

% The bearing test machine was asscmbled and
preliminary tests run to verify the perfor=
mance over the load range up to 2500 pounds.
These prcliminary tests of one or two oper-
ating hours were run prior to the hours
recorded in the table.
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The size of the bearing faults are shown in Table III. This is
discussed in Section IV. Bearings which had a fault groove cut into the
outer race were oriented to plaﬁe the fault at the top where it would be
under maximum load. One exception to this was for bearing number 7
which had two faults diametrically opposed_to each other. This bearing
was used for.run number 6 with one of the faults on top and the-other at
the bottom where -1t would experience minimum loading. For run number 7,
the faults were positioned horizontally across the housing and hence
each had similar loading at something less than when positioned at the
top of the housing. The other faults were on rotating members of the bearing
and therefore were installed without specific orientation.

B. fesults and Discussion

Frequency spectrum measurcments were made at the various conditions
of load and speed for the test run discussed above. The results of these
aralyses are summarized in Tables V, VI, VII and VIII. The discussions
in the earlier sections of this report on bearing failure characteristics
and sensor characteristics are reflected in these tables. For example,
the significant data recorded from Model D9202 Sensors occurred in the
0.5 megahertz region near the sensor peak response. Similarly, signifi=-
cant data were obtained in the 120 kHz region for Model 6230M8 and in the
30 kHz region for the Model 2236 outputs; typical frequency spectrum plots
have been selected to further elaborate on this and these are displayed
in Appendix 4,

Additional data was obtained by frequency spectrum analysis in the

regions of 5 kHz, 13 kHz, 20 kHz, and 30 kHz for both the 2236 and 6230M8

sensors as shown in the tables VI and VII and Appendix h. Thesc frequencies
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correspond to the various radial and flexural modes of the outer race of

-t

the bearing as discussed in Table II of Section II. Data near 50 kHz

—t et

and 70 kHz, corresponding to higher orders of flexual resonances, was
also obtained on the spectrum analyses of Model 6230M8 outputs.

The g levels indicated by the 6230M8 and the 2236 are nearly the ;
same for the frequencies below about 5 kHz. However, the frequency |
analyses do indicate there is a gain effect from the resonance frequency
of Model 2236 near 20 kHz and 30 kHz. The data is about 10 dB to 15 dB !
higher in this region for Model 2236 than for Model 6230M8.

One significant point shown in the data tables V, VI, and VII is

that the high frequency energy content of the signal is larger when

faulted bearings are tested wherecas the energy in the ball pass frequency

range is not significantly different from new condition bearings.

Table V shows that the one cycle per revolution signal level is
nearly the same for all tests with the same speed and load. For example,
Model 2236 data in the '"a'' line, corresponding to 12,900 rpm and 780 pound
load, is 0.79 g in rus &4, (a nonfaulted‘bearins}. The other runs with
faulted bearings range from 0.32 g to 0.98 g. The same rearly consistent : {

“values are shown in the '"'b'' line for 12,900 rpm and 430 pound load. :

Similarly, the signal levels corresponding to the ball pass frequency
for a discrete fault on the outer race also shows nearly the same leve!
for all runs with a few exceptions as for Mode! 2236 in run 8 and in run i
3. 1In general, however, this data must be closely obsei /ed and the tests
carefully controlled In o;écr to relate bearing damage to ball pass

frequency spectrum analysis of raw data.

57




-
"~

|

The faulted inner race test in run 5 was barely detectable from
the analyzed data at the inner race ball pass frequency. It is possible
that this may have been a result of the pure radial loading. As the
inner race of the bearing rotates, the fault in the inner race is unloaded
at the bottom half of the cycle. Hence, large outputs occur only near
the maximum load which occurs at one cycle per revolution. If thrust
load were also used in the tests, a load would have been more constant
on the faulted area of the inner race.

The bearing with a ball defect in run 10 was again barely detectable
in the ball pass frequericy region. The fault applied to the ball was
very small, desigﬁed to determine the minimum level of detection. How-
ever, it was expected that the nature of the fault, described previously
as a scribe around the two equators of the ball, would result in two or
four times the normal single fault ball pass frequency.

Observe again the 2236 data for the nonfaulted bearing of run b4 at
one cycle per revolution, at the outer race ball pass frequency, and at
the high frequencies. The output is on the order of 0.5 g for all these
frequencies. Comparing all of this data to that from run numbers 2, 3, 5,
6, 7, and 8 shows a significant change in signal level for faulted
bearings at high frequencies only. For example the data table VI shows
levels of 10 g to 67 g near 30 kHz. Similar high g levels are shown
for 5 kHz, 13 kHz, and 20 kHz for the 62308 data for the faulted bearing
test runs.

The high frequency results are consistent with information reported
in the references (11, 12). Envelope detection of these high frequency
signals has been used to enhance the ball pass frequency data. The

output waveform from the Model D9202 was observed on an oscilloscope
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to be very short duration ringing bursts on the otherwise flat portion
of data almost as If It were envelope detected. When a sweep specd of
1 miliisecond per centimeter is used to uvbserve the 215 Hz or 668 liz data,
these ringing bursts appear almost as spikes at a very distinct frequency

in this ball pass frequency range. Comparable data from low frequency

sensors appears as almost random data unless the fault is very large.

Even then, the ringing continues from one pcak to the next .lnce this

data includes the modulated high frequency ringing as well as other low

frequency sources from the structure.

Data table VIII shows the relative output at 450 kHz from the Model
D9202 Sensor for the var%ous test runs. Again as with the two lower
frequency sensors, the signal is higher for runs 2, 3, 5, 6, 7, and 8
where elox faulted bearings were tested than for run L with a nonfaulted
bearing. Note however thau the difference between run 4 and the others
is not as great as for the‘two lower frequency sensors.

The effects of load and speed are also indicated in the tables for
this phase of the program. High speed always produces much larger output
than the lower speed. The increase in load has a more random effect,
sometimes increasing and sometimes decreasing the output. These effects
show the importance of using changes in a signal level from a basc line
established during normal operating conditions (rather than absolute
levels).

“he resolution of the detection Systems used in this phase may bc
examined by comparison of signais to the sizc of the faults. For the
eloxed fault 0.0028 inch deep by 0.0069 inch wide in run 3, therc is an

obvious indication in the data table that this is a faulted bearing when

Ay




referenced to the nonfaulted bearing in run 4. However, for bearings
scribed with a fault about 0.0002 inch deep by about 0.001 wide in runs
9, 10, and 11, the data does not indicate a significant change from the
nonfaulted bearing in run 4. Appearently the depth of this scratch

is nét sufficient to produce a high frequency impulse of adequate magni-
tude to excite the resonances of the sensor and/or races to produce
decernable changes in level of output. It is probably that the signal
level from these 3 bearings would differ one from another in a new,
non-scribed condition of test. Therefore, it is possible that detection
of fault propag.tion of this size would be feasib?e if a lower base line

had been established.
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VI BEARING FAILURE PROPAGATION TESTS

A, Procedure

The objective for the second phase of this test program was to study the
chandes in signal levels from bearings during accelerated life tests, Both
good and faulted bearings were used, The side support bearings were good
(nonfaulted) bearings for all the.tests, To accelerate the failures, the

load was increased and the highest speed of 12,900 RPM was used for all tests,

Tape recordings were made at the start of the test and at some intervals....

during the test, Continuous X=Y and strip chart records were made of
several outputs, Frequency spectrum analyses were made of real time date,
envelope and/or filtered data.

The -high frequency AE measurement system was used for continuous monitoring
while the bearings were operating, The use of count rate was observed to be
most useful in the detection of changes in vibration or stress wave activity
and was therefore employed.

An automatic shut down circuit was provided by ENDEVCG” Model 6534
Signal Conditioner with a Model 2236 Accelerometer, Some tests were
terminated prior to automatic shut down to assess bearing condition
by disassembly and inspection, This was done in part te correlate damage
with the output signal prior to incurring the substantial level of damage
that would normally precipitate the 6634 signal conditioner to identify that

the conditions for shutdown existed, For those runs where the data remained

relatively constant, visual inspection of the bearings was used as a verification

of fault detection sensitivity,

The fatigue test proy=z.. schedule is shown in Table IX,

61
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TABLE IX - FATIGUE TEST SCHEDULE

OPERATING CENTER BEARING SUPPORT BEARINGS

RUN NO, TIME/HRS FAULT NO. NO. ,
NO,  LOCATION _ :

1 66.5 13 Inner Race 18 19

11 0.7 3 Outer Race 15 16

. e 20.3 ) Outer Race 15 16

V. ' L6 .75 10 None 15 16

v 0.5 4 None * *

Vi | 82.3 17 None 20 21

Vit 22,5 12 Outer Race 20 21

*Test was aborted, Side bearings of another manufacturer and
supposedly equivalent bearings, but actually were designed for operation.
with some thrust loads,

The first test run used bearing number 13 in the center position,

The load was increas~d to 2150 pounds which corresponds to an L‘0 life

of about 40 hours for an undamaged bearing. Recordings were made of the
vibration outputs at the start of the test with this increased load,
During the test, recordings were also made of the count rate and envelope
detected output of the Model D9202 Sensor, the envelope detected broadband
output of the Model 6230M8, the envelope detected filtered output from

25 kHz to 30 kHz of the Model 2236, and the Lroadband peak detected output
of-the Model 2236 Sensor,

After 27 hours, no change in performance was indicated and hence the
load was increased to 2500 pounds which corresponds to an L)q life of

about 25 hours, After 20 additiona) hours of operation (47 hours total),

T
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there was a strong ?ndication of probable failure development from the
Model D9202 recordings. Some change was also measured on Model 2236
output recordings as will be discussed in Section VI B. Since this test
was continuing over a wee'end, unattended, 'the .test was not stopped
at this time.- However, after an additional 20 hours, the broadband
vibration level increased above the shut down level (which was set
on the Model 6634 Signal Conditioner at 50% above the operation level at
the beginning of the test). The test was automatically shut down.

Test run number 2 was conducted with bearing number 3 which had
a much larger fault than bearing number 13, Additionally, the fault
was in the outer race and.since the fault was always placed at the
maximum load position at the top of the housing. failure was expected
earlier. Unfortunately, the failure and rig shut down occured after
anly 0,7 hours with the 2150 pound load. Recordings were made of the
sensor outputs at the start of the test. The rig was started up again
and ran long enough to record final value data after the failure,

Number 6 bearing, with a fault on the outer race was installed for
test number 3 to establish a longer fatigue progression test with this
type fault, The load was set at 430 pounds in view of the very quick
failure in the previous test, After 16.7 hours, no change in output
was observed and the load was increased tn 860 pounds. After 3.6 moie
hours, a total of 20,3 operating hours, the test was terminated, There
sti11 had been no indication of any change in the condition of the bearing,

but the test was discontinued to examine the physical appearance of the

fault area,

.~
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Test number four was run with a good, nonfaulted bearing operating ;

g

with 2500 pound load over the entire test, corresponding to a LIo life
of about 25 hours, The test was terminated manually after 46 hours when
significant indication of change in Model D9212 sensor outputs was observed,

Test number-five was désigned for a repeat of a good, nonfaulted
bearing running until fatigue failure occurred., However, the test was aborted
after 0.5 hours due to increased vibration outputs, The cause was latet.
determined to be from incorrect side bearings used for this test run,

Test number six was conducted with 2500 pound load on good, new
bearings. The test was shut down automatically by broadband acceleration
output with the Model 6634 Signal Conditioner during a weekend unattended
operating time,

Test number seven was conducted with a lower load of 1650 pounds
since the bearing number 12 used had a small fault scribed into the outer
race, This test was discontinued after 22,5 hours because it was estimated
that the outer race of the bearing was rotating within the housing at one
revolution per 2,2 minutes. If this continued, excessive housing wear
would result.

B. Results and Discussion

Since the most optimum detection was shown to be in the higher
frequency region in the fault characterization tests, this was used as
a basis for priority of continuous recording of data. Data in the ;
filtered range of 20 KHZ to 35 KHZ as well as high pass above 20 KHZ and
100 KHZ were used for the most of the recording, although some broadband P

data were also obtalined,
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For frequencies above 100 KﬁZ, the ''count’’ and '"count rate'' from the
Model D9202 sensor with Model 301 totalizer were used. Aéditionally,
peak detection of the datn ouéput and of the envelope detected output
from the Model D9202 sensor was recorded.

The_test results show that the most sensitive indicator of-change
is count rate-recording of the Model D9202 Sensor with Model 301
Totalizer. In fact, before faults were developed to near the size
of the eloxed slots previously tested, the D9202 showed large changes
in level, wherecas the lowér frequency sensors showed minimal change
if any. As our example, data shown in figures 24, 26, and 27 for test
number one, four and six show these large changes in count rate,
Specifically, the count rate changes from about 100 counts per second
to 900 counts per second at' the first large indication of probable
failure development near L7 hours in test number one, Fig. 24, While this
change of a factor of nine times was recorded from the rate data, the
envelope detected data on Fig., 25 indicated a change of about 1.6 times
from 1000 mV to 1600 mV. These results for test number one were for
a bearing which may have been considered to have been ''failed' before
the test began, since it had a scribed line 0,00024 inch deep across
the inner race.

The count rate data had changed gradually during the first 24 hours
of test one by a factor of about ten and an additional factor of ten
over the next 23 hours prior to the large indication discussed above, It
is nct known if the gradual increase in count rate is indicative cf crack

propogation, stress waves, or impacts increasing in magnitude as the
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bearing operates under this high load, |t may also be that this gradual
change is related to the gradual deterioration of the surface finish of
the bearing.

The output from Model 2236 and 6230M8 sensors was also larger at the
conclusion of the test run. A change of 15% was recorded for the band
passed (25 K to 35KHz) envelope detected peak and L0% for the broadband
peak from the Model 2236 output, No discernible change was noted for
the broadband envelope detected peak from 6230M8 output.

The fairly large difference in resolution capability between the
Model 9202 count rate and the outputs of Model 2236 sensors may be caused
by the frequency characteristics of the mechanical phenomenon during failure
propagation, Broadband freguency or very high frequency stress waves may
be generated Ly metal removal during spalling action., In addition, when
metal particles (previously welded to the race by ball pressure) are again
torn away by similer action, these broadband stress waves may be produced,
The intensity of these stress waves still is greater when the maximum load
is applied at the fault development area, and are therefore expected to havg
a ball pass frequency envelope, |If the race is not excited by these high
frequenc disturbances tle signal may not be of sufficient magnitude to
be detected and me-~sured above the already present 'noisc' (random excitations
of the race resonance present cven in a new bearing).

Bearing number 13 was photographed after disassembly to show the extent
and character of the damoge to the faulted members, The results are in
evidencé in Figures 29 to 36, As discussed before, the test ran longer

than desired since the automatic shu! down was rcferenced to the broadhand
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Figure 29 = lnner race from bearing number |
of faliguc test number onc showi
major arce of damage. (approx. |
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Figure 30 - Outer race from bearing number 13 after complel ion
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Figure 31 = Spalied areca of inner race of bearing number 13,
rear the scribed fault line after completion of
fatiguc test. (approx. 20X)
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Figure 32 - Spalled arca of inner race of bearing number 13,
near the scribed fault line after completion of
fatigue test., (approx. 60%)
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Figure 33 - Mctal deposits and pits on outer race
bearing number 13 aficr completion of
test number one,  (approx. 10X)
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Figure 34 ~ Metal deposits and pits on outer race of

bearing number 13 after completion of fatigue
test nunber ona. (approx. 10X%)
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' Figure 35 - Indentations in inner race of bearing number 13
B after completion of fatigue tests numnber onc.
(approx. 10x)

""NAL PAGH
DR QUALIT.;"{




e

e N

Figurc 36 - Ball fault from bearing number 13 after
completion of fatigue test number onc.
(approx. 5x)
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data below 50 kHz which did not increase sufficently to terminate the
test before major spalling occurred. The large spalling on the inner

race emanates from the scribed line shown in Figures 31 and 32 and

extends over- a large area in the direction of rotation of the bearing. ’
The size of this spall can be approximated at 0,25 inch across by

0.15 inch long by .033 inch deep, Additional smaller pitting occurred

around the races as shown in the overview of the races marked to

indicate the faulted areas, see Figures 29 and 30. Much of the area

on the outer race had small deposits of chips attached to the race or

spalls as shown in Figures 33 and 34, Some depressions were probably 1
caused by balls rolling over chips or spall particles followed by being
torn free and leaving the resulting imprint as in Figure 35. Three of the
balls were pitted {the largest pit is shown in Figure 36).

Even though this bearing lasted longer than the predicted Lig life for

new condition bearing the scribe mark was definitely of adenuate size to
propogate failure as shown by the major spalling area.

The data from the second fatigue test is less useful since the
failure occurred much more rapidly than anticipated., A preset level of
507, above the level at the beginning of the test was established for the
shut down criteria, Recorded data for the rms output of Model 2236 hegan
to change about 0,1 hour before shut down occurred, increasing by 15 percent,

The peak detected D9202 signal also increased about the same time but had

increased by a factor of about 3 before shut down,
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The bearing was disassembled and a spall areca was again in evidence
adjacent to the fault groove in ‘he outer race. This spall area was
smaller-than that in the previous test but stil} adequate to cause
pitting in the races as the small particles of metal from the spall
were rolled between-the balls and the races.

The_next run, number three, was approached with more respect for
the large groove fault effects on fatigue 1ife. This run resulted in no
significant change.in output level from any of the sensors for 16.7 hours
with 430 pound load followed by 3,6 hours with 860 pound load. This
test was discontinued in order to obtain verification that the actual
bearing condition had not yet changed significantly. When disassembled,
there was found to be minimal change in the groove in the outer race,
The edge was rounded or peened over by a few thousandths of an inch.
There was no evidence of large metal removal or pitting on any part
of the bearing and only some very small pits in the order of one
thousandth of an inch in diameter, 15 to 70 u inch deep. were found,

Test run number four produced results using a bearing in new-
unfaulted condicion, After 43 hours, the Model D92n2 rount rate showed
a large increase for about one hour and then returned to a relatively
normal level, sec Figure 26, ne peak detected signal and the envelope
detected Model D9202 signal also showed an increase in this time period,

The pcak signal level of the Model 09202 Sensor outpul increased over the
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first 24 hours by about 25 percent, However, at the 43 hour time period,
the peak signal increased by about 80 percent and the envelope detected
peak and the count rate both increased by a factor of about 2, No
discernable increase was recorded for the rms broadband 2236 output,

Because the D92n2 level increase was observed at 46 hours, it
was decided to shut the test down and attempt to study whatever small
beginning faults were in evidence,

The bearings was diséssembied and examination showed many very small
pits about 20 u inches deep by about ,001 to ,005 inch diameter in the
races of the bearing. One pit in the outer race was found to he about
0.,0002 inch deep by 0,005 inch diameter. The rotational orientation
of the fault relative to thé max imum load could not be established.

It is possible that the outer race rotated and possible changed the effect
of the fault which may account for the decrease in output levei after

the L3 hour period. It was estimated by one observer that at least the
larger pit could have been an electrical pit.

Test number five was discon!inued after 0.5 hours with inconclusive
results, Large increcases in vibraticn outputs from all sensors
indicated a malfunction of the bearing test machine, The cause of the
vibration was the use of improper substitute bearings in the side support
positions, The Hfarings in question had been replaced immediately prior
to the test. These side support bearings, purchased as equivalent to
the proven hearings used throughout the program we. 2 designed to be used

with a thrust load,

B4




Both side support bearings were positioned in the same direction to
produce a thrust force on the center bearing when the radial! load was
applied. The difficulty was resolved by replacing the side support
bearings with the type previously used,

In test number six, an increase in outputs from the D9202 Sensors
were obtained similar to test number four., This time, however, the test
was automatically terminated by a 20 percent increase in level as detected
by the Model 6234 Signal Conditioner. More than 8 hours prior to this time,
the count rate for. the high frequency D92n2 Sensor indicated large
increases as shown in the Figure 27b. No significant change in output
was indicated with envelope detection of 20 kHz to 35 kkz data from the
Model 2236 Sensor or from Model 6230M8 envelope detected data above 20 kHz,
Closer examination of the count rate data shows that the number of counts
per second on the graph scale in Figure 26 for test number four is 100 times
that of test six in Figure 27, This explain the larger cxcursions present
on test six graph due to the scale change. Also of some interest is
the apparent ''run in' or start up levei of test six. Test number six used
a new bearing not previously testced which may account for the somewhat .
larger count early in the test which then decrcascd tu a nearly constant
lower level for many hours of the fatigue test. In contrast, bearing number 10
in test run four had been used in the «arlier series of test for several hours,
With the resolution used for the fatigue test run number four, there
appeared to be a more nearly constant count rate from the start, For the
purposes of this report, some additional transient outputls were assumed
to be electrical noisc and would normally be eli .nated by an averaging

circuit, 1t is not certain that these transients are in lact noise but
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possibly may relate to stress waves or impacts that occur at rare occasions
in the life of the bearing.

A careful examination of bearing number 17 on fatigue test number 6
showed a small pit in the outer race about 0,0002 inch decep by 0,002 inch
diameter, This was similar to that found in bearing number 10, In
addition, there were many very small imperfections, perhaps one tenth
this depth around the path’ of the ball on the races. On the inner
race, a streak appeared as if ball skidding had occurred, The depth
of the skid marks were very small but extended for 0.5 inch at a slight
angle to the travel of the ball on the race. The depth of the marks
are extremely shallow, about 20 u inch and may not be of much significance
at this time, It is possible that test continuation viould cause a large
fault to be generated under.these circumstances as occurred with the small
scribe 1ine on bearing number 13,

The detection of the very early indications of failure in the fatigue
tests is best illustrated by a display of data over the period of the
tests, In the case of test number four, the output increased for about
one hour and then returned to near the normal level, Again in test number
six, the level decreased after an extended period of hours of high level
signals, It is possible that this was caused by rotation of the outer race
which would change the 1oad on a particular area where a foult may be
developing, The outer race was forced to rotate to some degree in the
fatigue tests where the applied load was chosen to be very large in oider
to accelerate the failure. This rotation may have been caused by a number
of reasons relating to the higher load cffects on the friction in the bearing

itself, slight distortion of the bearing races and/or the housing, and
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flexing or bending the shaft,

Fatigue test run number 7 was scheduled for improving the correlation
of damage development after a fairly small scribe had been fabricated on
an otherwise good new condition bearing. The test was stopped after
twenty tvo hours with a load of 1650 pounds corresponding to an Lio life
of a non-faulted bearing of 90 hours, The data from the Model 2236
which was bandpass filtered 20 kHz to 35 kHz and peak detected, as well
as the Model D9202 Sensor  showed that the output level was increasing
and decreasing at a rate of 2,2 minutes per cycle, It is suggested that
this was caused by rotation of the outer race within the housing which
would cause increased signal when the fault was at the top of the ~using
and maximun load was applied, The test was terminated Lo prevent damcge

to the housing of the bearing test machine, It appears likely that the

established clearance at the start of the test may have been slightly excesssive,

possibly due to less relative thermal expansion of the race than assumed
in the design. Possibly some wear developed in the housing due to some
outer race rotation during the previous fatigue tests, Rotation was noted
in these Tatigue tests since the outer race was never in the same position
after the tests when disassembled, This rotation had not occurred in the
earlier bearing foult characterization tests which were run at much jower
loads,
N .

Frequercy spectrum analysis was performed on the envelope detected

signals at the start of the fatigue tests and at various times during the

tests, Exomples of these analyses are shown in Appendix 5. There were

indications of increase in the one cycle per revolution and ball pass
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frequency data after the fault became veiy large as in Tatigue tests
to number one. However, much more data is required with more fatigue tests
to be able to correlate envelope detection analysis with bearing faulls,
The oil temperature and the bearing outer race temperature were monitored
during the tests,
The oil temperatures and bearing temperatures incrcased as the speed
and load were fncreased. After several minutes of opcration, the
temperature remained constant within a few degrees of the values shcwn
in Table X,

TABLE X
OlL TEMPERATURES

Speed Load 0il1 In 0il Out Bearing Outzr Race
RPM Pounds °F °F °F
5400 L30 90 100 105
5400 780 95 105 110

12,900 430 95 130 140

12,900 780 105 135 150

12,900 860 110 140 160

12,900 1650 120 W45 185

12,900 2150 130 155 195

12,900 2500 140 165 205

C. Implications of Fatique Test Results

We should consider the causes of the large change in the D9202 count
rate for very small physical evidence, As previously described in fatique
test number four, the count rate increased for about one hour to a

signaificant level over normal, This occurred after a time puriod exceeding
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the Lo compute& l1ife when damage could be expected to be developing,

The damaged areas were smaller than those detectable as discrete faulés

in the first series of bearing characterization tests. The outputs levels
from the lower frequency sensors showed very low, if any, detection.

The primarily mechanical phenomenon is therefore judged to be of high
energy and concentrated in the high frequency spectrum which is on the
edge or beyond the detection range of the other sensors.

't may be possible for further study of fatigue tests to determine
by x-ray or secticning what changes occur in the subsurface metal of the
bearir.g races,

The information obtained using the high frequency D9202 Sensor
relative to early failure development in bearings indicates the need
for a morc detailed and réiated study, Longer continued testing should
be done on bearings at lower loads corresponding to actual-applications,
The tests should be stopped at various intervals of time to inspect the
bearing components in order to correlate damage and signal output,

Many complete channels of instrumentation are needed for these types
of studies in order to provide simultaneous comparisons of data processing
and acquisition techniques, These tests would verify the resolution of
detection of fault progression with normal loads. Other types, sizes, and

installations of bearings should be studied to establish more general

guidelines for incipient failure detection and 1ife prediction, The effects

of other equipment operating near the monitored bearing may cause the
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practical application to be more difficult than laboratory experience
suggests. More measurements with high frequency sensors of various
types, should be performed on various locations on the bearing housing,
5:1 _ The study of effective detection levels for various sensors located on the
exterior of the bearing housing is an important prerequisite of application

oriented results,
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VII. CONCLUSIONS

Because of the broad investigative nature of this program the data
provides a valuable comparison of vibration and stress wave techniﬁues as
applied to the detection, characterization, and monitoring of the pro-
gress of faults artifically and naturally induced in rolling element
bearings. The experimental results lead the authors to strongly conclude:
that stfess wave sensing provides a technique that permits ear[y warning
of impending bearing failure.

The D9202 Acoustic Emission Transducer has a frequency response
centered at about 550 kHz and a bandwidth of about 900 kHz. This
instrument provided the greatest sensitivity to the phenomena investigated.
Signal levels from the 09202 were sufficiently high and noise free to
accommodate analysis even though the mechanical information had to be
transmitted through the bearing and into the supporting housing.

The following observations are offered in support of our conclusions:

1. Count rate of signals above 100 kHz was the strongest indication
of failure propagation with larger changes in this quantity than those
of other methods.

2. The sensors operating below 100 kHz showed minimal change of
envelopc detected signal during the early stages of the failure pro-
pagation tests.

3. Discretc faults as small as about .003 inch machined into new
bearings werc discernible by all the sensors used. The induced faults
of about .001 inch size were not obviously discernable.

L. The sensor with its resonance frequency in the range of the

lower resonance modes of the bearing races did have higher sensitivity
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to the ringing of those races with new condition bearings as well as :
ool

with faulted bearings. A
Because the D9202 was capable of sensing the occurance of surface

faults a few thousandths of an inch in size, while the lower frequency

sensors were not, we conclude that the energy content at high freyuencies

was significant in comparison to the background noise. This may also

indicate that as faults are created, (even though quite small) the signals

may be generated more through an acoustic emission process than through

stress waves created by the elastic impacts.

Since the vibration and stress wave results in the ultrasonic

frequency range containing the information of primary value, the selection

of a suitable sensor can be seen to be critical to the utility of the

system. System design reauires understanding of how the sensor will be
excited, if the stress wave or vibration signal will be transmitted to
it, and how the sensor will respond. The effect of the sensor frequency %
response can be seen by comparing the impulse calibration data to the J 4

frequency spectrums of the bearing data. For a detection system to be

viable it must utilize a sensor which has a known responsive character=

R TIRYP S

istic. The impulse calibration technique is probably the most useful

for providing that.

S rerbe e A T b

Without question, there are yet areas of exploration not covered
by this study. The results of this investigation do not provide an
immediate solution in the form of an incipient failure detection

system, but they do provide a significant clarification of alternative

approaches most likely to lead to a result oriented svstem.
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APPENDIX 1

Contractual Statement of Work

Reference:  NASA Contract NAS8-29916

Perform tests of rotating machinery using 20 - 30 test

bearings with 3 - 5 different bearing defects both individually

and simultancaously induced. The tests and evaluation shall include,

but not be limited to the following instrumentation/analysis

techniques:

a.

Spectrum analysis of audio frequency vibration in the

range from 10 Hz to 20 kHz.

Analysis of the amplitude and modulation characteristics

of selected bands of ultrasonic vibration in the range of
20 kHz to 100 kHz.

Count, count rate, and energy analysis of acoustic emissions

In the range from 100 kHz to 3 MHz.

-Using the above techniques test and analyze good bearings,

defected bearings (inner race, outer race and rolling
element) under rated loads and opcration of good bearings-
under conditions which will accclerate bearing failure.

Prepare a final report of all tests (6 copies).
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12,
13.
IL‘.

15.
16.

17.

18.
i9.
20I

21,

23,
24,

EQUIPMENT LIST

HP 70358 X-Y Recorder
Dunegan Power Supply 202
301 Totalizer

L02 Reset Clock

601--Log Converter

502 Ramp Generator

702 Audio Monitor

801P Preamplifier

D9202 Sensor

Sony Video Tape Recorder ''Sony Matic"
With Realistic Card, Dynamic Microphone

Honeywell 5600 Tape Recorder P/N 16769681-002

Voice Actuate

_Honeywell SA1-52B Real Time Spectrum Analyzer/

Digital Integrator
HP 7005B X=Y Recorder
Heath Schlumberger Strip Chart Recorder; SR255B

Tektronix Type 564 Storage Oscilloscope
Type 3A74 Plug In

Tektronix Scope Mobéle Type 201-2 Model C
Tektronix Type 3A75 Amplifier

Tektronix Type 310A Oscilloscope
Tektronix Type 310A Oscilloscope

HP LOOEL AC Voltmeter

HP AC Transistor Voltmeter L4O3A

P1 Model DG=1 Tapc Degausser
(Endevco Model SDF 002)

S/N
S/N
S/N
S/N
S/N
S/N
S/N
S/N
S/N

S/N

S/N
S/N
S/N

S/N
S/N

S/N
S/N

S/N
S/N
S/N
S/N
S/N
S/N

S/N 303

C el e DM A

1049A0L9L
20285
30208
L0295
60117
50207 i
70374 |
80077

AB3k

AV=3650

W02047-25889~J70
167714540-001
802214

£72003 (E)
E75009 (E)

002224 1
003667

E 1228 (&)
002125
015844
014516
536-04/420

MA 8 (E)
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25,
26.
27.
28.
29.

30.

31.

32.
33.
34,

35.

36.

37.

38.

Kepco Model ABC L40-0.5M, DC power supply
HP Model 3400A RMS Voltmeter

Bently Model 3140-2388 Proimitor

Varian Strip Chart Recorder

Endﬁvco Chaﬁge Amplifier 2330

[} [} 1 ]
1l - 1" 3]

Endevco Charge Amplifier 2740
i It n 1"
bt 1" ~———t [

Krohm Hite Filter Model 3202R
Console Rack

HP Oscillator
Eldorado Model 225 Frequency Meter

6230M8 Accelerometer

2236 Accelerometer
1 1

Unit Gain Amplifier
(Endeveo Engineering Custom 3uilt)

Envelope Detector
(Endevco Engineering Custom Built)

Peak Detector
(Endevco Engineering Custom Built)

S/N

S/N

E-L396

42188

PL4A3

S/N
S/N
S/N
S/N

S/N
S/N
S/N

S/N

S/N
S/N

S/N
S/N
S/N

S/N
S/N
S/N

DE62
DESO
DE86
DES83

BA1L

BA15
AE06

E72011 (E)

5055
Lh42164

G324
G322
G321

CH78
CH88
CH55
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